A two-dimensional axisymmetric model is developed to study the hydrogen desorption reaction and its subsequent discharge in a metal hydride canister. Experimental tests are performed on an in-house fabricated setup. An extensive study on the effects of the metal properties and boundary conditions on discharging performance is carried out through nondestructive testing (NDT). Results show that the desorption process is more effective if the activation energy for desorption (Ed) and the reaction enthalpy (∆H) decrease, and when the desorption rate coefficient (Cd) and the external convection heat transfer coefficient when the bottle is being heated (h) increase. Furthermore, porosity (ε) can be useful for the design of hydrogen storage systems, with a trade-off between charge/discharge time and storage capacity. Numerical and experimental results are compared achieving a good agreement. These results can be used to select metal hydride materials and also for the future evaluation of metal hydride degradation.
Introduction
In the last decades, the fossil fuel consumption has been steadily increasing and so, society, industry and governments have become aware of the necessities to invest in sustainable energies to reduce the carbon emissions. Recent studies [1] show that the use of hydrogen as an energy vector can aid to satisfy the present and future energy demands without additional carbon emissions.
Hydrogen has been considered a good, carbon-free alternative to hydrocarbon fuels, as it is abundant in water and could be easily produced using renewable energy sources. Hence, it can facilitate the transition from the present fossil fuel energy economy to a future hydrogen based economy [2, 3] .
A major concern that needs to be addressed to make hydrogen technology economically feasible is the safe storage of hydrogen in vessels with the desirable weight, volume and cost. The future of hydrogen as an energy vector will strongly depend on these technologies [4] .
Hydrogen storage techniques have been widely evaluated in recent years, and have been categorized in three main areas [5] :
1. High pressure gaseous hydrogen storage 2. Liquefaction of hydrogen gas and liquid-phase hydrogen storage 3. Material-based hydrogen storage, including: sorbents, chemical hydrogen storage materials and metal hydrides
Hydrogen stored as a absorbed element inside metal hydride materials offers certain advantages compared to high-pressure gaseous or cryogenic liquid storage systems in terms of compactness, storage at conditions close to ambient, energy required to store the hydrogen, possibility of tailoring metal hydrides to suit different temperature-pressure requirements, as well as being inherently safe because hydrogen is stored at low pressure [6] [7] [8] . The disadvantage is that it offers low energetic density per unit of mass due to the weight of the metal itself. But on the contrary, it offers high energy density per unit of volume.
A lot of studies have been made regarding the modeling of hydrogen storage in metal hydride systems, but most of these studies are focused on hydrogen absorption reactions [2, 6, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and numerical studies of the hydrogen desorption process are relatively rare [3, 14, [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Prior studies show that reactions in metal beds can be effectively modeled as a twodimensional problem. Jemni and Ben Nasrallah [12, 22] developed two-dimensional heat and mass transfer models for hydrogen absorption and desorption respectively. Their results show that the difference between the solid and hydrogen temperatures is negligible, except for some limited areas close to the gas outlet and tank wall, so the local thermal equilibrium hypothesis can be used. In a subsequent study, Jemni et al. [28] experimentally determined the effective thermal conductivity, the equilibrium pressure and the reaction kinetics, as well as the temperature and the pressure over time. Then, they tested the validity of the theoretical model comparing it to the experimental results achieving a good agreement between all the data.
Regarding desorption, the main interest has been the enhancement of the reaction focusing on its thermal behavior. For this purpose, Chung et al. [14] developed a two-dimensional model and investigated the effects of heat convection on the charging/discharging performance. Both Darzi et al. [19] and Mellouli et al. [21] , analyzed the cooling and heating of a cylindrical LaNi5 metal hydride tank together with some kind of heat exchanger. The firsts ones, used an annular jacket filled with a phase change material (PCM), and the latter ones compared three different heat exchanger designs. They concluded that a properly designed heat exchanger can reduce the hydrogen charging/discharging times considerably. Moreover, Delavar et al. [24] , numerically studied effects of parameters such as: heating fluid temperature around the tank, hydrogen outlet pressure, and heat transfer coefficient between heating fluid and the metal hydride storage tank during the hydrogen release. On the other hand, Wang et al. [29] studied two different scenarios during absorption, positioning the metal hydride bottle vertically or horizontally on the model. Unfortunately, neither Chung et al. [14] , Darzi et al. [19] , Mellouli et al. [21] , Delavar et al. [24] nor Wang et al. [29] provided a comparison of the hydrogen desorption simulations with experiments.
Additionally, Kyoung at al. [26] developed a three-dimensional metal hydride model to be used for the design of industrial metal hydride storage vessels. The model was validated against the experimental data reported by Jemni et al. [28] achieving a good agreement. Mohammadshahi et al. [30] also focused on a practical application. They improved the metal hydride model to incorporate several features, such as: temperature variation of the cooling fluid or introduction of the non-ideal gas equation.
Regarding experimental results, Dhaou et al. [15] empirically studied hydriding/dehydriding rates and the pressure-composition isotherms for different metal hydrides under quasiisothermal and variable pressure conditions, and finally they derived empirical rate equations to describe the sorption reaction kinetics. However, they did not obtain experimental data at system level.
In a previous work, Busqué et al. [8] , the effects of different metal properties and other parameters were tested and analyzed during hydrogen absorption in a metal hydride storage system both numerically and experimentally. Numerical and experimental data achieved a good agreement, and therefore, the results can be used to identify different behaviors of the metal hydride material or evaluate its current status.
However, although considerable efforts have been made to model the hydrogen desorption process in metal hydride storage vessels, most of these models have not been validated against experimental data and they do not consider the whole application both numerically and experimentally. Furthermore, a detailed analysis of the desorption and discharge processes and their complex transport mechanisms, and mass and heat transfer is in great demand for an efficient design, and selection of materials for any industrial application involving metal hydride based hydrogen storage.
This work provides an extensive study on the hydrogen desorption process and its subsequent discharge in a metal hydride storage system. The effects of each individual metal property through non-destructive testing (NDT) during desorption have been studied as well. It is also important to mention that a detailed experimental setup has been designed and assembled emulating a real application using commercially available metal hydride canisters to obtain real data at system level, which has not been widely investigated in prior studies.
To that end, a 2D axisymmetric numerical model has been developed and some parametric studies have been carried out to obtain the effect of the abovementioned properties on the desorption and discharging performance at system level. In other words, it gives an idea of how the hydrogen desorption and discharge can be improved depending on the properties of the selected metal hydride material. Then, these results have been used to calibrate the simulation to the real practical application. Next, the outcomes have been compared with experimental data obtained in an in-house fabricated setup. The model and the experimental protocols can be used to estimate the metal hydride internal state as well as evaluating aspects such as, the reduction of the storage capacity due to contamination. This study is meaningful as a guide towards the engineering practice of the desorption process of the metal hydride hydrogen storage technology.
Mathematical and numerical model
A two-dimensional axisymmetric metal hydride hydrogen storage container is modeled to analyze the key physical phenomena occurring during the hydrogen desorption process. A 2D axisymmetric model is used, which intends not only to achieve the geometrical symmetry of the bottle but also the symmetry of the metal hydride inside, as well as all its physical and morphological properties.
The hydrogen-metal reaction is the following:
Where M represents the metal, MHx is the respective hydride and x the ratio of hydrogen to metal. Finally, ΔH is the heat of reaction. The hydride formation is exothermic and consequently the reverse reaction is endothermic.
The modeled geometry has a bottle-like shape ( Fig. 1 ) that matches the real metal hydride vessels available in the lab. The geometry is implemented as a two-dimensional axisymmetric domain, which has two differentiated sections: the top section is a void region acting as a buffer for the hydrogen molecules. This section is drawn as a quarter of a circle of radius 23 mm plus a small tube in the center which is the outlet area, being 16.10 mm long and 3.18 mm wide. The larger bottom section is a porous region which contains the metal hydride and where the absorption/desorption reactions take place. This domain is basically a rectangle of 273.25 mm long and 23 mm wide.
To deal with the lack of information regarding the metal hydride inside the canisters, a detailed and systematic numerical analysis of various metal properties is performed.
This model is implemented using the commercially available software COMSOL Multiphysics®, by means of the appropriate fluid dynamics and heat transfer modules.
Model assumptions
The assumptions made in the model are the following:
1. Hydrogen is in a gaseous state and is considered to be an ideal gas.
2. Powdery metal hydride is treated as an isotropic and homogeneous porous medium.
3. Local thermal equilibrium is assumed between the solid metal and the hydrogen gas. This means that the gas and metal local temperatures inside the vessel will be the same.
4. Volumetric compression of the metal hydride during desorption is neglected.
5. Metal hydride properties such as porosity, permeability and thermal conductivity remain constant during the desorption process.
Conservation equations and source terms
Under the assumptions above, the metal hydride container is governed by the conservation of mass, momentum and thermal energy [14, 17, 18, 26] .
Mass conservation
For hydrogen:
Where the gas density can be described by the ideal gas law.
For the metal hydride:
Momentum conservation
In the porous region, the momentum conservation is modeled using a continuum approach through the Brinkman equations.
In the hydrogen buffer area Navier-Stokes equation considering laminar flow (5) is used instead.
Energy conservation
Regarding the temperature field, as local thermal equilibrium is assumed between the gas phase and the solid metal hydride, the energy equation can be expressed with a single temperature variable as follows [31] :
In Eq. (6), the effective heat capacity (̅̅̅̅̅), and the effective thermal conductivity ( ) can be expressed as porosity-weighted functions of the hydrogen and metal phases.
Source terms and equilibrium pressure
The energy source term (9) represents the heat loss during the endothermic hydrogen desorption reaction.
The mass source/sink term is defined by equations (10), (11) and (12) . The reaction proceeds to the right to form the metal hydride or to the left to release hydrogen depending on the equilibrium pressure. To ensure that the numerical model fulfills the equilibrium conditions and decides accordingly to absorb or desorb, some constrains are added:
• If
The equilibrium of the reaction can also change depending on the temperature. If additional heat is supplied, the system wants to achieve equilibrium temperature and shifts to the left, desorbing and being endothermic to recover equilibrium conditions. On the contrary, if heat is removed from the system (for example a fan is connected), the reaction compensates this change in temperature proceeding to the right, enhancing the exothermic absorption process.
In Fig. 2 , the slope of the isotherm plateau and the hysteresis between absorption and desorption isotherms are inherent characteristics and vary among different metal hydrides. These also depend on experimental variables such as pressure, temperature and mass flow rate. For the LaNi5 − H2 system, the hysteresis is ln ( ) = 0.13 [14] .
The equilibrium pressure for hydrogen desorption on LaNi5 has been measured experimentally and it approximates f(H/M) as a ninth-order polynomial function as shown in equation (13) [15]. On the other hand, several other researchers [14, 19, 24, 32] have used a simplified version of the equilibrium pressure, called Van't Hoff equation (left hand side of equation (13)). The Van't Hoff equation in this form is only valid for a limited temperature range in which ∆H does not change much with temperature.
Finally, hydrogen to metal ratio is defined by equation (14), and the desorbed hydrogen fraction ( ) can be defined according to equation (15) , where (H/M)sat is the saturated hydrogen to metal atomic ratio. Therefore ranges from 0 to 1.
Initial/boundary conditions and model implementation
At first, the metal hydride container is assumed to be in thermodynamic equilibrium, so the initial conditions are the following:
Where represents the initial metal hydride density, which may be equal to the hydrogen saturated metal hydride density or lower if the metal is only partially filled.
As for boundary conditions (Fig. 1) , boundary walls are assumed to be impermeable so, no-slip velocity and no-flux conditions are valid and a convection boundary condition is applied between the bottle walls and exterior air.
Besides the convection with surrounding air, a thin stainless-steel layer has been added to the exterior boundaries, emulating the metallic container. The thickness is 2.4 mm and its thermal conductivity is specified considering stainless steel 304L (UNSS30403) as a material.
Hydrogen is discharged to the atmosphere, so pressure at the outlet has been set to atmospheric. However, it is important to note that the whole experimental system is being considered, so the exiting hydrogen mass flow circulates through a circuit that generates pressure losses and then reaches the exterior (atmospheric pressure). To emulate that, a pressure loss coefficient is set at the outlet ( ). This pressure gradient between the interior of the bottle and the exterior drives the evacuation of hydrogen from the bottle.
Experimental characterization
In order to compare the simulations with the experimental results and also to observe the evolution of the parameters in a practical application, the following experimental setup is implemented [8, 13, 23] .
As seen in Fig. 3 , during discharge (red circuit), hydrogen leaves the selected bottle, which are Swagelok 304L-HDF4-500-PD stainless steel containers filled with an unknown metal hydride. Then, the discharge pressure is measured using the pressure sensor P1. This sensor is an industrial pressure transmitter from Impress Sensors and Systems (IMP-G4002-7A4-BCV-00-000) working with pressures up to 4 MPa. Then, hydrogen circulates through an alternative circuit and goes through a 7-micron particulate filter, to ensure that no particles enter the MFC. And then it goes into an EL-FLOW base Mass Flow Controller F-201C-AAA-22V (MFC) from Bronkhorst High Tech which has a range from from 0 to 1.5 nlpm. Finally, hydrogen is released to the atmosphere. At the outer surface of the bottles there are also some welded tip PFA thermocouples from tc direct (T1 to T8) attached in order to acquire temperature data. The control and data acquisition system is programmed in LabVIEW, and the communication between the analogical and digital signals is achieved using the National Instruments (NI) myRIO-1900 device.
Additionally, a heater is connected to heat up the bottles and enhance the desorption reaction. The heater is a hot air blower HOTWIND SYSTEM from Leister Technologies AG. At the outlet of this air blower a flexible tube and a PVC pipe are connected. The metal hydride bottle perfectly fits inside the PVC pipe, and so the canister walls are heated (Fig. 4) .
Through this experimental setup, temperatures at the surface of the bottles, pressure at the outlet and exiting mass flow can be measured and then used to calibrate the parameters of the computational simulation.
In order to perform the experiments, the following protocols have been executed. First, it is necessary that the bottle that is going to be studied in each of the experiments is charged or partially charged with hydrogen. Also, it is important that all valves are closed before starting the process.
Once the setup protocol is completed, the discharging process can start. First, the valve corresponding to the selected bottle is opened, being it V1 or V2. Then, V4 is opened in the direction that allows hydrogen flow towards V6. Then, V6 is opened and hydrogen goes towards the MFC. Finally, the outlet of the system is opened using V5.
At this instant the bottle is in discharging mode, and the system will continue working until the hydrogen discharge curve is saturated, which means that it has reached a steady asymptotic situation in which a relatively small amount of hydrogen is released (lower than 0.01 nlpm). At this point, the bottle is considered empty.
When the bottle is empty, discharge process is completed and so valve V5, followed by V6 and V4 are closed. Finally, the bottle valve (V1 or V2) is closed.
Results and discussion

Closed bottle equilibrium results
To verify that the numerical model is able to reproduce equilibrium conditions some simulations considering that the bottle is closed and the metal is partially filled with hydrogen are performed.
As the metal inside the bottle is unknown, it is decided to use literature data, corresponding to LaNi5, shown in Table 1 to perform the first simulations. Equilibrium pressure is taken from the polynomial fitting of equation (13). Fig. 5 represents absolute pressure and temperature evolutions considering that the outlet is assumed to be closed. In Fig. 5 a) and b), a situation in which the initial gas pressure inside the container is higher than the equilibrium pressure at ambient temperature. As the system wants to reach equilibrium conditions, it absorbs some free hydrogen molecules, increasing its temperature as the reaction is exothermic, and reaching equilibrium. , represent the opposite scenario, in which the gas pressure is lower than the equilibrium pressure at ambient temperature. In this case the system desorbs some of the hydrogen to increase the pressure inside the bottle and reach equilibrium. Temperature decreases as the desorption reaction is endothermic.
Limitations and unknowns
That being said, there have been some limitations when trying to represent the numerical model to match experimental conditions that make it difficult to compare experimental and simulation data.
It is important to mention that the metal hydride bottles used in this study are commercially available, and the provider is not willing to disclose information regarding the type of metal hydride. As the container is sealed, it is not possible to determine the material properties needed to run the simulations without having to open up the canister directly. This would be a destructive test, which is not an option.
Besides not knowing the metal hydride, its current state, quality or degree of degradation are unknown as well.
As the bottles are closed and so it is impossible to see inside, the morphology and internal distribution, porosity, permeability or available storage space are also unknown. It is also unknown if there is a hydrogen buffer region, the size of it, and also if there is some kind of manifold or other device that distributes the hydrogen within the bottle during charge or discharge.
There are some parameters that can be obtained by theoretical calculations or from the experimental tests and measurements. These parameters are: heating temperature (Th), initial pressure (pini), initial and saturated metal hydride density ( , ), lateral and bottom convection heat transfer coefficient (ℎ , ℎ ) and pressure loss coefficient ( ), and are specified in Table 2 [23] .
Regarding equilibrium pressure, it has been decided to use the Van't Hoff equation to study the hydrogen desorption and compare it to experimental values, as the metal is unknown, and therefore a semi-empirical adjustment for it is not available.
Sensitivity of the model to metal properties, structural parameters and working conditions
One objective of this work is to determine the material properties without performing ex situ material testing, so an in-situ strategy is presented.
It is important to mention that computational models allow studying scenarios that may be difficult or even impossible to obtain experimentally. For example, the variation of Cd and Ed independently from one another might not have a physical meaning, as they are both dependent on the metal hydride. However, it is very interesting to visualize any specific behavior when varying input variables as an identification mechanism, as well as its effect on discharging performance. So, a parametric study is performed to identify the sensitivity of the model to the parameters that influence the metal hydride. Using this data, the model is calibrated by isolating the specific material properties that are more sensitive to the model. Fig. 6 a) and b) show that the desorption process becomes more effective if Ed decreases, which makes sense, as it is easier for the system to overcome that activation energy for the desorption process to start if its value is lower. This can be contrasted with the values of pressure (Fig. 6 a) ), which are higher as Ed decreases. This means that the pressure gradient is larger and hydrogen will tend to desorb, and so the system's temperature decreases (Fig. 6  b) ) as the endothermic reaction is more effective.
In Fig. 6 c) and d) the desorption reaction is more effective when Cd increases, as it generates a higher desorption rate, according to equation (12) .
In Fig. 6 e) and f), pressure increases as ∆H decreases, and consequently the mass flow increases as well. Regarding temperature, and according to equation (9), as ∆H increases, ST increases as well and so the temperature is lower.
It is important to mention that in the published literature, the value of Ed usually varies between 13000 and 59371.6 J mol , for different metal hydride materials [2, 9, 14, 19, 20, [24] [25] [26] [27] 33] .
Focusing on porosity (Fig. 6 g ) and h)), it is important to bear in mind that the volume of the bottle does not change, and so, when porosity is high (ε= 0.7) there is less metal inside the bottle, and consequently less absorbed hydrogen stored. As the amount of hydrogen stored is lower, the desorption process finishes sooner and the temperature increases until it reaches ambient temperature. On the other hand, when the metal is not very porous (ε = 0.4), the desorption process is slower; as there is a lot more metal inside the bottle and so more hydrogen is stored. The effect of the porosity on the metal hydride behavior can be useful for the design of hydrogen storage systems, with a trade-off between charge/ discharge time and storage capacity.
In Fig. 6 i) and j), it can be seen that externally heating the system has a huge impact on desorption performance, although in this case Th is 297 K. At higher convection heat transfer coefficients (h), the process becomes more effective. Thus, pressure and temperature inside the bottle increase and desorbed hydrogen fraction decreases. We are aware that the overall results of this study are not independent on the selected initial metal. However, these parametric studies can be used, from an engineering point of view, to determine how the desorption and discharge performance can be improved depending on the metal hydride properties, or in more general terms, depending on the selected metal hydride material for a given application.
Simulation results and experimental data comparison
In Fig. 7 , shows the results both experimentally and numerically. The model has been calibrated using the parameters in Table 2, A for Bottle 1 and Table 2 , B for Bottle 2. Fig. 7 a) , show the comparison between experimental pressure measured outside the bottle and simulation results modeled inside the bottle. A sharp decrease on the pressure is observed at the beginning, as the hydrogen that was not absorbed and is stored in gas form comes out quickly, producing a huge drop in pressure. Then, the absorbed hydrogen inside the metal starts to desorb, increasing the internal pressure. Finally, pressure progressively decreases as there is no more hydrogen inside the bottle until it reaches atmospheric conditions. As can be seen, both curves match, and the small deviations are a consequence of the pressure difference by pressure losses, as the simulated pressure is calculated inside the bottle and the measurements are taken outside of the bottle, plus the many uncertainties explained throughout the paper.
On Fig. 7 b) , the temperature evolution at the surface of the bottle is depicted. As a heater is being used, temperature on the surface of the bottles increases. Again, it reaches a kind of plateau or small slope curve region, as there is a balance between the endothermic reaction and the heat supplied, and finally, when the reaction has finished, the temperature increases according to the set point temperature of the heater. In this case, temperature is not a good indicator of the desorption reaction, because a heater is being used and so the temperature measurement and the simulation results at the surface of the bottle basically give information on the heater temperature. That being said, both curves match well and so the validity of the model is checked. It also has to be taken into account that Bottle 1 had a larger amount of hydrogen stored, so the discharge process takes longer.
Conclusions
A mathematical model, which rigorously accounts for the principles of mass, momentum and energy conservation, and absorption/desorption kinetics, is developed to simulate the hydrogen desorption process in a metal hydride tank, and its subsequent discharge at system level.
The results of these parametric studies have allowed the identification of the parameters that most influence the system's behavior, thus achieving an adequate calibration of the model. It has been concluded that the desorption process is more effective if the activation energy for desorption Ed and reaction enthalpy ∆H decrease, and if desorption rate coefficient Cd increases. As expected, the process is also enhanced if the convection heat transfer coefficient h is increased when the bottle is being heated. Regarding porosity, the value of ε can be useful for the design of hydrogen storage systems, with a trade-off between charge/ discharge time and storage capacity.
It is important to highlight the experimental contribution of this paper using commercially available metal hydride bottles. The whole system is designed, assembled and a data acquisition system using a NI myRIO device is programmed on LabVIEW, to obtain the required experimental data to be compared with the numerical model.
During discharge, the pressure curve follows an exponential relaxation at the beginning until it reaches a plateau, as the reaction is enhanced and the released hydrogen molecules inside the bottle increase the internal pressure. Then, pressure progressively decreases as there is less hydrogen inside the bottle, until it reaches atmospheric conditions. Regarding temperature, it is difficult to compare simulation and experimental results, as the thermocouples are placed at the outer surface of the bottle, being very sensitive to the heater temperature.
All in all, the simulation results show the same tendencies in comparison with experimental data, and so it is demonstrated that the model successfully captures the essential trends that occur in the system.
The results and observations of this paper can be used for the characterization of a metal hydride storage system. Therefore, an effective design of the storage system can be implemented. The analysis of the metal properties can be used as a tool for selecting metal hydride materials, or in other words, it can give an idea of how the hydrogen desorption and discharge can be improved depending on the properties of the selected metal hydride material.
Besides that, the results can also be used for monitoring the current status of the bottle and the supervision of its performance, evaluating aspects such as degradation of the metal hydride material due to fatigue or wear, or reduction of the hydrogen absorption capacity of the metal due to contamination (for example presence of air and water vapor). Additionally, as the model is able to reproduce absorption and desorption phenomena, it can be used to model cyclic charge and discharge processes, as it is likely that a real application would use a hydrogen storage system cyclically.
In conclusion, this study is meaningful as a guide towards the engineering practice of the desorption process of the metal hydride hydrogen storage technology.
